Introduction
Introduction
December 30, 2012. All the information was abstracted from the electronic health records (EHR). A large dataset of ICU patients from January 1 st, 2006 through December 31 st , 2012, was built. In this database, we used a validated AKI sniffer to detect AKI according to the Kidney Disease Improving Global Outcomes (KDIGO) criteria. We excluded patients with missing baseline serum creatinine, or outcome data or and those who lack research authorization. We also excluded pre-existing end-stage kidney disease (ESKD) or known AKI prior to admission according to the ICD codes. For patients with more than one episode of ICU admission, all the parameters of each admission were counted separately. Among all patients who met the inclusion criteria (Olmsted County residents older than 18 years), those with available baseline serum chloride were included in the final analysis (Fig 1) . The Mayo Clinic Institutional Review Board approved the study and waived written consent for those who provided research authorization.
Data collection
We abstracted the data from the EHR. The databases we used have been described in previous studies. They included, "Mayo Clinic Hospital admissions and diagnoses among Olmsted County residents", and we also used Advanced Cohort Explorer (ACE) and ICU Data Mart. The ACE is a clinical data repository that contains patient demographics, diagnoses, laboratory, flow sheets, clinical notes, and pathology reports with the ability to search via text based queries. ICU Data Mart is a Microsoft Structured query language (SQL) database.
The Query Language (MS SQL) (Microsoft Corporation, Redmond, WA) data warehouse has the ability to abstract all pertinent clinical data from the EHR on a near real-time basis. Within Data Mart, all the static data including the Minnesota death registry are updated quarterly. [15, 16] For the adjudication of AKI, we used a validated automated electronic tool (AKI sniffer) [17] . Baseline demographic parameters and the baseline blood chemistry panel (including serum creatinine, sodium, bicarbonate, chloride, and other electrolytes) measured during the month prior to the index ICU admission, were recorded. If patients have several results of chloride as well as other electrolytes in the baseline period, we chose the first results so as to exclude the effect of the medical intervention on baseline lab tests. The Acute Physiology and Chronic Health Evaluation (APACHE) III and Sequential Organ Failure Assessment (SOFA) scores were abstracted. Using the EHR, we calculated Charlson's comorbidity index (CCI) for risk adjustment [18] . Other clinical information, including laboratory data, the volume of infused normal saline, ICU and hospital mortality, and length of stay (LOS) were obtained from the computerized databases. To evaluate the relationship between baseline serum chloride and the incidence of AKI, we recorded serum chloride values during the month prior to the index ICU admission. The serum chloride levels were measured by an automated chemistry analyzer in the central hospital laboratory. The reference range for this chloride assay was 100-108 mmol/L. The patients were classified into four groups according to the baseline serum chloride levels: 94 and 95-99 mmol/L groups (severe and mild hypochloremia; n = 1,530), 100-108 mmol/L (euchloremic; n = 2,387), and >108 mmol/L (hyperchloremic; n = 257).
Outcome variables and associated comorbidities
The primary objective of the study was to evaluate the incidence of dyschloremia and its relationship with the development of AKI following ICU admission. Diagnosis of ICU-acquired AKI was determined by using the Kidney Disease Improving Global Outcomes (KDIGO) criteria [11] . Secondary outcomes included the LOS in the ICU and hospital, and ICU and in-hospital mortality.
Statistical analysis
Continuous variables were summarized as mean±standard deviation (SD) or median and interquartile range (IQR), based on the normality of distribution. Categorical variables were reported as count and percentages. Continuous variables were compared with an independent samples t-test or the Mann-Whitney U test. Categorical variables were compared using the chisquare test or Fisher's exact tests. Logistic regression was used to identify variables that predict the onset and progression of AKI and other secondary outcomes. Statistical analysis was carried out using JMP (Volume 10.0, SAS Institute Inc., NC, USA) software. A two-sided P value < .05 was considered to indicate statistical significance.
Results
During the study period, 13,968 adults were admitted to an ICU at Mayo Clinic HospitalRochester, of which 6,025 (43.1%) met the eligibility criteria. Of these, 4,078 patients were admitted to the medical ICUs and 1,947 to the surgical ICU. We identified 4,174 patients who had baseline serum chloride available and included them in the outcome analysis based on the baseline serum chloride level (Fig 1) . In the enrolled cohort 6,025 patients, 50% (n = 3,207) individuals were male, and the mean (±SD) age was 62.9 (±19.6) years. The median (IQR) of CCI, APACHE III, and SOFA scores were 2 (0-4), 48 (33-65), and 3(1-6), respectively. The 0.9% saline infusion was used in 5,526 (92%) of individuals with the median amount of 1,300 (625-2,900) mL throughout ICU admission. AKI was detected in 1,970 (32.7%) patients, of which 1,083 (18%) were in stage I, 507 (8.4%) in stage II, and 380 (6.3%) in stage III. Overall ICU mortality was 3.6% (n = 216), and in-hospital mortality was 7.2% (n = 432). The ICU and hospital LOS were 1.1 (0.8-2.2) and 4.9 (2.6-8.4) days, respectively. In the cohort with available baseline serum chloride, the median (IQR) baseline serum chloride was 101 (97-104) mmol/L, which increased to 103 (100-107) mmol/L, during ICU stay.
Baseline Dyschloremia
Within the cohort with available baseline serum chloride (N = 4,174), the prevalence of hypochloremia and hyperchloremia prior to the index ICU admission were 37% (n = 1,530) and 6% (n = 257), respectively (Fig 2A) . Following ICU admission, 25% (n = 1,039) and 20% (n = 835) of patients became hypochloremic and hyperchloremic, respectively (Fig 2A) .
Patients with hyperchloremia at baseline were younger (59±22 years vs. 63±20 years, P = .005) and had fewer comorbid conditions than patients with baseline euchloremia (P = .02). Hypochloremic patients, when compared with euchloremic patients, were older (67±18 vs. 63±20, P < .001), had a higher prevalence of comorbid conditions (3 [1] [2] [3] [4] [5] [22] [23] [24] [25] [26] [27] [28] vs. 25 [22] [23] [24] [25] [26] [27] , P < .0001).They also had higher severity of illness scores and a prevalence of CKD than euchloremic and hyperchloremic patients ( Table 1) .
The baseline serum chloride was inversely correlated with SOFA (r = -0.005, P = .14), APACHE III (r = -0.08, P = .002), and CCI (r = -0.012, P < .001) scores, and serum bicarbonate level (r = -0.14, P < .0001) but had a direct relation to the serum sodium level (r = 0.81, P < .0001). Patients with a baseline hypochloremia compared to euchloremic patients received a 0.9% saline infusion (2000 [1000-3819] vs. 1250 [600-2550], P < .001). In a multivariable logistic regression analysis, age (OR 1.003, 95% CI 1.001-1.01; P = .3), congestive heart failure (OR 1.6, 95% CI 1.28-2.01; P < .0001), CKD (OR 1.4, 95% CI 1.1-1.7; P = .002), dementia (OR 1.6, 95% CI 1.1-2.3; P = .02), chronic obstructive pulmonary disease(COPD) (OR 1.6, 95% CI 1.4-2.0; P < .0001), diabetes mellitus (DM) (OR 1.3, 95% CI 1.0-1.5; P = .02), DM with complication (OR 1.4, 95% CI 1.1-1.9; P = .02), peptic ulcer disease (OR 1.4, 95% CI 1.1-1.8; P = .01), and metastatic cancer (OR 2.7, 95% CI 1.9-3.8; P < .0001) were associated with a greater risk of baseline hypochloremia. Moreover, use of diuretics was associated with lower baseline serum chloride (OR 1.4, 95% CI 1.2-1.7; P < .001), sodium (OR 0.75, 95% CI 0.73-0.76; P < .0001), and bicarbonate (OR 1.08, 95% CI 1.06-1.09; P < .0001) levels (Table 2) .
During the course of the study, 1,970 (32.7%) out of 6,025 patients developed AKI while in the ICU. Dialysis-requiring AKI was seen in 61 (9.4%), 69 (5.8%), 40 (1.9%), and 7 (2.7%) of patients with serum chloride levels 94, 94-99, 100-108, >108 mmol/L, respectively. When compared with individuals who did not develop AKI, patients with AKI were older (67.4±18.3 years vs. 60.7±19.8 years; P < .001), had a higher CCI (2 [1] [2] [3] [4] [5] vs. 1[0-3]; P < .001), were more likely to be on mechanical ventilation (48.8% vs. 27.4%, P<0.001), had higher hospital mortality (14.9% vs. 3.4%; P < .001), and longer hospital (7 [4-12] [21] [22] [23] [24] [25] [26] [27] vs. 25 [22] [23] [24] [25] [26] [27] ; P < .0001) (S1 Table) .
In comparison with euchloremic and hyperchloremic patients, there was a higher incidence of AKI in patients who were hypochloremic at the baseline (43.3% in hypochloremics vs. 30.4% in euchloremics vs. 34.2% in hyperchloremics; P < .001). When they were compared with euchloremic patients, they also had higher ICU (4.8% vs. 2.9%) and hospital (10.5% vs. 6.1%) mortality rates (P < .001) and ICU (1.5 [1] [2] [3] vs. 1 [1] [2] days) and hospital (7 [4-12] vs. 5 [3] [4] [5] [6] [7] [8] days) LOS (P < .001) ( Table 1) .
In subgroup of patients with baseline hyperchloremia, the incidence of AKI, ICU, and hospital mortality in patients without acidosis in comparison with those with acidosis was not different [(33.3% vs. 35.3%; P = .0.74); (4.4% vs. 4.1%, P = 0.89); (5.9% vs. 8.2%, P = 0.47), respectively]. The ICU and hospital LOS was not different between the two groups [(1.2 vs. 1.1 days; P = 0.22); (3.9 vs. 3.9 days; P = 0.59), respectively] (S2 Table) . In a logistic regression analysis, age (OR 1.01, 95% CI 1.001-1.02; P = .04), SOFA Score (OR 1.31, 95% CI 1.24-1.38; P < .0001), baseline serum creatinine (OR 1.30, 95% CI 1.14-1.52; P = .001), baseline serum albumin <3.5g/L (OR 1.56, 95% CI 1.12-2.17; P = .01), baseline bicarbonate (OR 0.96, 95% CI 0.92-0.99; P = 0.01), baseline serum chloride 94 mmol/L (OR 1.72, 95% CI, 1.07-2.79; P = .02), diuretics (OR 1.7, 95% CI 1.2-2.3; P = .0.002) were independently associated with a greater risk of AKI (Table 3 ). S3 Table describes the results of univariate and multivariate analysis for in-hospital mortality.
The dose-response relationship between different categories of baseline serum chloride and risk of AKI in our patients followed a U-shaped curve. We found both low and high serum chloride values associated with the increased incidence of AKI (Fig 2B and 2C) , ICU and hospital mortality (Fig 2D) , and the LOS (Fig 2E) . Abbreviations: CHF; chronic heart failure AKI and ICU outcomes.
Discussion
This retrospective study is the first report to evaluate the incidence of dyschloremia in the ICU and demonstrates the association of low baseline serum chloride with AKI. We also showed that hypochloremic patients had a tendency to have higher hospital mortality and a longer LOS in both the ICU and hospital. Dyschloremia in critically ill patients is very common and appear to be associated with worse outcomes [19, 20] . One study showed that the prevalence of chloride abnormalities in the critical care setting was 25% (hypochloremia 9% and hyperchloremia 17%) [21] . The authors also reported that hypochloremic patients tend to have a worse outcome. Another report noted that 32% of the ICU patients had hyperchloremia, with a prevalence that was approximately 1.9 times greater than the rate observed in the previously mentioned report [22] . In our investigation, baseline hypochloremia was seen in 37% of patients which decreased to 25% following ICU admission. Hyperchloremia was noted in 6% of patients prior to ICU admission and increased to 20% in the ICU. These changes in chloride levels could be attributed to the use of chloride-rich fluids for intravascular volume expansion.
The most important causes of hypochloremia in critically ill patients were regarded to be increased loss or decreased intake of chloride. For example, loss of gastric fluid, the use of diuretics or adrenal insufficiency, water toxicity, and malnutrition could lead to hypochloremia. In our patients, we found that chronic conditions such as COPD, DM, dementia, metastatic cancers, and the use of diuretics were associated with the hypochloremia even after adjustments for age and gender. We also showed that the baseline serum chloride was inversely correlated with severity of illness and comorbid conditions. The clinical significance of baseline serum chloride derangements on the ICU outcomes has not been extensively evaluated. Few studies have reported hypochloremia to be associated with the increased likelihood of poor outcomes. In patients with chronic obstructive pulmonary disease exacerbation, Terzano et al. showed patients with hypochloremia have a longer duration of non-invasive mechanical ventilation [23] . In addition,Tani et al., showed that in critically ill patients, hypochloremia led to longer ICU and hospital stays and higher mortality [21] .
In our study, patients with baseline hypochloremia had a longer length of ICU and hospital stay compared to patients without hypochloremia. Fig 2B and 2C show that serum chloride level of 94 mmol/L was significantly associated with a higher incidence of AKI. The relationship between serum chloride levels and mortality also follows the same U-shaped relationship. In multivariate logistic regression analysis, we found hypochloremia, along with other factors such as age, CKD, baseline serum creatinine, baseline bicarbonate, and serum albumin levels, are independent risk factors for AKI. We were not able to show that high a chloride level at baseline is associated with an increased risk of AKI and hospital mortality. In our cohort, the number of patients with elevated chloride at the baseline is very small (257 out of 4,174 patients; 6%). Thus, our cohort is most likely underpowered to show a significant impact of baseline hyperchloremia on the risk of AKI.
As the relationship between low baseline hypochloremia and risk of AKI has not been described before, there is no characterization of the mechanism of such a relationship presented in the literature. We hypothesized that the relationship between baseline hypochloremia and AKI was mainly due to its association with potential dehydration due to decreased nutritional and fluid intake in the setting of multiple chronic comorbidities. Our investigation is not able to confirm any causality relationship between hypochloremia and AKI. This is mainly due to its retrospective nature. Critically ill patients who have multiple comorbidities often suffer from poor homeostasis. Unfortunately, we do not have data regarding patient volume status prior to admission. Therefore, we have included serum sodium in the analysis as a potential surrogate for volume shifts. We found a direct positive relationship between sodium and chloride level. Thus, it is conceivable that the etiology of AKI in patients with hypochloremia was most likely hypovolemia and not necessarily hypochloremia itself. Furthermore, a negative relationship between hypochloremia and severity of illness scores may indicate that baseline hypochloremia could be used as a prognostic indicator for ICU patients.
In contrary to the association of baseline hypochloremia and AKI, the relationship between in-hospital hyperchloremia and AKI is well described. Some in vitro and animal studies have shown that high serum chloride can result in afferent arteriolar vasoconstriction, decreased renal artery blood flow, and reduced glomerular filtration rates, which leads to salt and water retention [24, 25] . A study of 109,836 patients with systemic inflammatory response syndrome (SIRS) demonstrated that a fluid resuscitation strategy using lower chloride loads was associated with lower in-hospital mortality [26] . Another study of 30,994 adult patients undergoing major open abdominal surgery showed that patients who received 0.9% saline had a higher unadjusted in-hospital mortality rate when compared with patients treated with balanced crystalloids [11] . In a landmark study [12] , Yunos et al., found that a chloride-restrictive strategy for fluid resuscitation is associated with a lower incidence of AKI. A post hoc analysis revealed a significant decrease in the use of renal replacement therapy in the chloride-restricted arm.
None of the above-mentioned studies reported the relationship between baseline serum chloride levels and AKI, however. In our study, we noted that critically ill patients with low baseline chloride received higher doses of chloride-rich solutions than those with normal or high serum chloride levels at the baseline (2000 mL [1000-3819] in hypochloremia group vs. 1250 mL [600-2550] in normal chloride group and 1375 mL [812-3100] in hyperchloremic patients; P < .001). We also found administration of 0.9% saline in excess of 1550 ml is an independent risk factor of AKI. One can hypothesize that patients with hypochloremia at the baseline are more volume depleted; therefore, they may have a higher risk for AKI. In these patients, receiving additional normal saline could serve as the second hit which increases the chance of AKI, per sé. Our findings are opposite to the discoveries of the Saline vs Plasma-Lyte 148 (PL-148) for ICU fluid Therapy (SPLIT) trial [27] . In this study, authors did not find any difference between chloride-rich and balanced solutions among the participants. In the SPLIT trial, the average amount of fluids received was 2000mL[1000-3500mL] for buffered crystalloid vs. 2000 mL [1000-3250 mL] for the chlorid-rich arm. Future trials including larger sample size with the higher amount of fluid intake may be necessary to address this issue.
As with other retrospective studies, our report is subject to several limitations. First, this study was a single-center study, and most of the patients who participated in the study were Caucasian. This may limit the generalizability of our conclusions. Second, our cohort includes a highly selected sample of critically ill patients who had baseline chloride level available (<30% of 13,968 screened patients). Third, our retrospective analysis to find a relationship between chloride level disturbances and AKI is based on the historical dataset and is subject to biases related to such analytic designs. Fourth, a significant number of patients had missing data regarding their volume balance. Therefore, despite being aware of limitations associated with this surrogacy, we used serum sodium as a surrogate for the volume status.
Future prospective studies are warranted to clarify whether baseline hypochloremia is just a biomarker or plays a pathophysiologic role in the course of AKI. Given the limitations of our study, a multiple-center, large cohort study with an intervention arm to correct hypochloremia is necessary to validate our findings.
Conclusions
Serum chloride level derangements are common in critically ill patients, and severe hypochloremia is independently associated with an increased risk of ICU and hospital mortality, LOS, and AKI. Prospective randomized trials are needed to validate our findings and evaluate the impact of chloride normalization in patients' outcomes.
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